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The vascular stem-cell tissue known as procambium generates phloem
cells on one side and xylem cells on the other. The Arabidopsis PXY gene
encodes a leucine-rich repeat receptor-like kinase that is required for
polar divisions of procambial cells.Leslie E. Sieburth
As plants elongate and grow, they
are faced with two problems: how
physically to support their
enlarging shoot and how to convey
nutrients. Both problems are
solved by cells derived from the
procambium — a stem-cell
population which, in stems, is
organized as long ribbons
(Figure 1A,B). More specifically,
procambium is found in the center
of vascular bundles, sandwiched
between the xylem and the phloem.
Xylem is a tissue that transports
water and dissolved minerals, and
some xylem cell types produce
very thick cell walls that are major
contributors to the strength of plant
stems. Phloem also functions in
long-distance transport, moving
sugars, RNA, proteins and other
substances. In a typical
Arabidopsis flowering stem,
a cross section would show about
eight vascular bundles, each
having a thin band of procambium
separating epidermally oriented
phloem from centrally oriented
xylem (Figure 1B). Vascular
bundles connect all parts of the
plant, extending from the stem into
leaves, and down into the root
system. Despite its importance, we
know little about how the precise
patterning of cell types within
a stem’s vascular bundle is
achieved. This is changing, with
a recent paper in Current Biology
reporting that the Arabidopsis PXY
gene encodes a receptor-like
kinase that is required to maintain
normal polar cell divisions of the
procambium [1].
Clues to vascular bundle polarity
first came from studies of leaf
polarity. Arabidopsis mutants
carrying dominant alleles of
PHABULOSA (phb-1d) produce
radially symmetric needle-like
leaves, enveloped by an epidermis
corresponding to the top (adaxialsurface) of the leaf [2]. Notably,
veins of these leaves are also
radially symmetric, and the xylem,
which is normally toward the top/
adaxial leaf surface, completely
surrounds the phloem. PHB
encodes a member of the class III
HD-ZIP gene family, which in
Arabidopsis consists of five genes.
All the encoded proteins have
a start domain which potentially
binds a lipid signal, and the mRNAs
include an miRNA target site
(miR165/166) [3,4]. PHB is
expressed in adaxial tissues of
developing organs and in the
vascular tissue, and numerous
studies using dominant and loss-
of-function alleles have revealed
roles for three gene family
members, PHB, PHV and REV, in
specification of adaxial (top)
identity [5,6]. Abaxial (lower
surface) identity is specified by
KANADI genes, which are
expressed in abaxial domains and
in phloem [4–7]. Adaxial and
abaxial-specifying regulators are
mutually repressive, as both loss of
function mutations and ectopic
expression lead to radialized
organs. The vascular bundles show
reciprocal responses to altered
polarity; abaxialized organs
produce a radialized phloem-
surrounding-xylem phenotype, and
adaxialized organs produce
a xylem-surrounding-phloem
phenotype.
An important advance came
when the plant’s stemwas found to
use the same polarity signals as the
leaf [4]. The stem’s central region
corresponds to the adaxial (top)
surface, and stems of adaxialized
plants also contained radial xylem-
surrounding-phloem vascular
bundles. Similarly, the periphery of
the stem corresponds to the
abaxial (bottom) surface, and
stems of abaxialized plants also
contained radial phloem-
surrounding-xylem vascularbundles (Figure 1C). These
observations indicate a general
role for organ-polarity related cues
in patterning vascular bundles.
An outstanding question,
however, is how directly organ
polarity pathways regulate cell
types within the vascular bundle.
Most radialized organs show
distinct and clearly separated
zones of xylem and phloem, but
strongly abaxialized organs are
devoid of vascular bundles [4,7].
It might have been predicted,
however, that adaxialized vascular
bundles would contain only xylem
and abaxialized vascular bundles
would contain only phloem. One
possible explanation is that adaxial
identity leads to provascular tissue
specification and vascular bundle
orientation, while cell types within
the bundle itself are patterned
using another pathway.
Insights into vascular bundle
patterning have come from the new
study by Fisher and Turner [1] on
the Arabidopsis pxy mutant. This
mutant was notable because its
flowering stem contains vascular
bundles which are flat, instead of
having the triangular shape
characteristic of wild-type plants,
and because the phloem appears
in ectopic positions, intermixed
with the xylem (Figure 1C). The
mutant vascular bundles contain
similar cell numbers as the wild
type, and they retain procambium,
suggesting a primary defect in
cellular organization. However, at
least one cell type, metaxylem, is
reduced, and pxy veins appear to
be poorly aligned along the length
of the stem. Detailed analysis
showed that procambial cell
division patterns are disrupted in
the mutant. In the wild type,
procambial cells are found in a tight
band adjacent to the phloem, and
cell divisions along the phloem–
xylem axis result in linear cell files
separating xylem and phloem. In
pxy mutants, the procambial cells
are instead found both adjacent to
the phloem and deeper within the
xylem, and cell division appears
randomly oriented. These
attributes of the pxy phenotype
suggest that the primary role of
PXY is to maintain the proper
orientation of procambial cell
division.
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Figure 1. Vascular bundle organization in stems of wild-type plants and polarity
mutants.
(A) Vascular bundles are composed of regular arrays of xylem (blue), procambium
(green), and phloem (orange). (B) In stems, the procambium appears as thin strips
that extend the length of the stem, and separates the xylem and the phloem. (C) Vas-
cular bundle organizational changes in polarity mutants. The stem epidermis is de-
picted to the right (green bar), adaxialized tissue is depicted in yellow, and abaxialized
tissue in blue.PXY encodes a leucine-rich
repeat (LRR) receptor-like kinase
[1]. There is a large family of such
kinases in Arabidopsis, with more
than 200 members in 15 different
subfamilies, yet functions are
known for only a small fraction [8].
PXY’s closest relatives, the PXY-
like genes PXL1 and PXL2, appear
to function redundantly with PXY,
as double and triple mutants
produced enhanced phenotypes.
PXY and PXL1,2 are also closely
related to CLV1, BAM1, BAM2 and
BAM3, which encode LRR
receptor-like kinases with
functions in another stem cell
population — the shoot apical
meristem [9,10]. CLV1 is required
to limit the number of shoot apical
meristem cell divisions, whereas
BAM1, BAM2 and BAM3 appear to
promote cell proliferation in the
shoot apical meristem. Thus,
despite their similar sequences and
their requirement for normal
meristem (stem cell) function,
these proteins carry out distinct
signaling roles. More distantly
related LRR receptor-like kinases
with roles in vascular development
have also been identified.
VASCULAR HIGHWAY1 (VH1/
BRL2), BRL1 and BRL3 encode
procambium-expressed LRR
receptor-like kinases [11,12];
however, VH1/BRL2 is required for
normal phloem function, whileBRL1 is required for a normal
balance between phloem and
xylem cell numbers.
The identification of PXY as an
LRR receptor-like kinase leads
naturally to two questions: what is
the ligand, and where is it
produced? Attractive candidates
are the CLE peptides [13]. The
Arabidopsis genome contains 31
CLE genes that encode 26 different
CLE peptides, including the
putative CLV1 ligand, CLV3
[13–17]. These peptides have
diverse expression patterns and
activities, including negative
regulation of tracheary element
differentiation. Other classes of
peptide hormones also bind LRR
receptor-like kinases, and thus are
also candidates for being the PXY
ligand [18]. A non-protein ligand is
also possible, an example being
brassinolide as the ligand for the
LRR receptor-like kinase BRI1 [19].
The identification of PXY as an
LRR receptor-like kinase that
regulates polar division of
procambial cells is a significant
step forward in understanding how
vascular bundles are patterned.
However, the phenotype also
raises interesting questions. For
example, in pxy mutants, phloem
cells can be found embedded
within the xylem, with no adjacent
phloemneighbors [1]. One possible
explanation for this is that PXY isalso required to inhibit phloem
identity, but this seems unlikely as
phloem cell numbers are not
elevated in pxy mutants.
Alternatively, this observation
might mean that phloem is
specified by a lineage-dependent
mechanism, rather than by
positional signaling [20].
Determining the association of
ectopic phloem and procambial
cells, and whether ectopic phloem
cells are parts of phloem cell files
along the vein’s long axis may coax
this PXY to reveal even more
secrets.
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Adam Smith’s 1776 book An
Inquiry into the Nature and Causes
of the Wealth of Nations [1] laid the
groundwork for much of modern
economics. One of Smith’s insights
was the view that competition can
play a productive role in society.
When too many individuals make
a given product, their profits fall
relative to other scarcer products
for which consumer demand is
high. Competition is thus an
‘invisible hand’ that maintains
balance across multiple economic
strategies.
Like any well-educated British
intellectual of his era, Charles
Darwin was familiar with Adam
Smith’s work [2]. While Malthus’
political tract An Essay on the
Principle of Population is
generally credited with
contributing to the development of
Darwin’s theory of natural
selection, one can also find
echoes of Smith’s economic
philosophy. For instance, in The
Origin of Species [3], Darwin
wrote:
‘‘the more diversified the
descendants from any one
species become in structure,
constitution, and habits, by so
much will they be better enabled
to seize on many and widelyCLV3-like (CLE) genes are expressed in
diverse tissues and encode secreted
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in Drosophila illustrates a long-
petition favors rare strategies.
ers, each have higher fitness when
strong.
diversified places in the polity of
nature, and so be enabled to
increase in numbers. Take the
case of a carnivorous quadruped,
of which the number that can be
supported in any country has long
ago arrived at its full average. If its
natural power of increase be
allowed to act, it can succeed in
increasing. only by its varying
descendants. being enabled to
feed on new kinds of prey
.inhabiting new stations,
climbing trees, frequenting water,
and some perhaps becoming less
carnivorous.’’
In more modern terms,
a population at its carrying
capacity is subject to sufficiently
strong competition that each
individual is, on average, only
capable of gathering enough
resources to produce one
offspring. However, if an individual
is capable of using novel resources
for which competition is less
severe, it will gain a fitness
advantage. This advantage will be
transient, because once the
phenotype in question becomes
more common, competition for the
new resource intensifies and
fitness declines. Hence,
competition has long been viewed
as an innovative force favoring rare
phenotypes (‘negative frequency-
dependence’) [4–8]. Competition
can thus drive evolutionary
diversification — termeddomain of plant receptor kinase BRI1.
Nature 433, 167–171.
20. Scheres, B. (2001). Plant cell identity. The
role of position and lineage. Plant Physiol.
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though the moniker never
caught on — has been of great
interest to theoreticians for
many years as a mechanism that
can maintain genetic variation
[6,7], drive disruptive selection
[5], or maybe even promote
speciation [9,10].
Despite the long-standing
theoretical foundation, strong
empirical evidence for frequency-
dependent competition has been
sparse. The reason for this lacuna
is largely practical. To obtain
unambiguous evidence for
annidation, two challenging criteria
must be met. First, one must
demonstrate that rare phenotypes
gain a fitness advantage [11–13].
For instance, in the polymorphic
fish Herichthys minckleyi,
individuals have either a fine-
toothed (‘papilliform’) pharyngeal
jaw suited to processing plant
material, or a robust (‘molariform’)
jaw for crushing snails. By
experimentally manipulating
morph frequencies, it was shown
that each morph grew best
when it was the less common
form [13]. A second criterion to
establish that competition drives
diversification, is to prove that the
rare-phenotype advantage only
occurs when intraspecific
competition is strong [14,15]. For
example, selection favors rare
phenotypes in another fish, the
three-spine stickleback
Gasterosteus aculeatus,
but only when competition is
strong [15].
While a number of studies have
established frequency-
dependence, and a few others
have tested the diversifying effect
of intraspecific competition,
very few studies have done
